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(54) MettKxi for fabrication of patterned carbon nanotube films 



(57) A method for fabricating acftierent, patterned 
cartx>n nanotut>e films is provided. According to the 
invention, a substrate is patterned with a cart>kie-fonrn- 
ing material, a cartwrvdissolving material, or a low melt- 
ing point metal. Cart>on nanotut>es are then deposited 
onto the patterned sut>strate, txjt have relatively poor 
adhesion to either the substrate material or the pat- 
terned material The substrate is then annealed, typi- 
cally in vacuum, at a temperature dependent on the 



particular pattemirtg rr>ateria!, eg., a temperature at 
which carit>ide fomiation occurs, at which cartx>n disso- 
lution occurs, or at which the k>w mettirtg point metal 
melts. The annealing ttiereby provides an acftierent nan- 
otube film over the patterned areas, while the nano- 
tul>es deposited onto the non-patterned areas are 
easily removed, ag., by btowing, rubbing, brushing 
and/or ultrasonication in a solvent such as methanol. 



FW. 



/D 



to 



p. 

///// /'// //// /// '// 3 



CO 
CO 
lO 

CO 

o> 

o 



Q. 

liJ 



Printed by X«a» (UK) BusJmsw Sefvkea 
Z16.7 tHRSV3.6 



1 



EP 1 096 533 A1 



2 



Description 

BACKGROUND OF THE INVENTION 
Reld of the Invention 

[0001] The invention relates to devices comprising 
caibon nanotube films. 

Discussion of the Related Art 

[0002] Cartx)n nanotubes have interesting elec- 
tronic properties and offer potentol for use in electronic 
devices and in interconnect applications. Carbon nano- 
tubes also feature high aspect ratios (> 1 000) and atom- 
icafly sharp tips which make them ideal candidates for 
electron field emitters. To realize these potential appln 
catior^, there is a need to process nanotubes into use- 
ful fonms such as thin films, and. advantageousVt 
patterned thin films. 

[0003] CartK>n nanotubes are currently being pro- 
duced by a variety of different techniques such as arc- 
discharge, laser ablation and chemical vapor deposition 
(CVD). (See S. lijinra. Nature. Vol. 354, p, 56 (1991); 
TW. Ebbesen and RM. Ajayan, Nahire. Vol. 358, p. 220 
(1992); and B.I. \^kobson and R.E. Smalley, American 
Scientists. Vol. 85, p 324 (1997). The as-deposrted 
materia), however, is usually in the form of k>ose pow- 
ders, porous HDats, or films with poor adhesion. These 
forms (rf nartotubes do not lend themselves to conven- 
ient preparation of robust adherent rtanotube thin fifrn 
structures. The diffk^ulty in preparing an ac^erent film of 
nanotubes is beOeved to be due to the perfect structure 
associated with carbon nanotubes, which contain 
essentially no dangling bonds and few defect sites. As a 
result, nanotube films tend to exh%>it poor adhesion, 
even to the point of be\ng easily removed by contact or 
by air fk>w (e.g., an air duster). 

[0004] Patterned nanotuk>e films have been 
reported by Fan et al.. Science. Vol. 283, p. 512 (1 999), 
and Xu et al., Appl. Phvs. Lett.. Vol. 74, p 2549 (1999). 
These referer)ces describe use of direct deposition 
techniques such as CVD, in whch substrates are selec- 
tively patterned with catalyst metals and then nano- 
tvbes are ^own in the patterned areas. These 
technk)ues, however, p^roduce fikns with poor adhesion. 
The technk)ues also expose the substrates to a reactive 
and high-temperature deposition environment, whch is 
both irK^nvenient and harmful to actual device struc- 
tures. In addition, the techniques are limited to tf>e pat- 
terned growth of multi-wall cart>on nanotubes 
(MWlNTTs), t)ecause CVD typkally produce MWNTs on 
catalytk: sut>strates. 

[0005] Thus, there is a desire to devek>p more con- 
venient and versatile nr^ethods for patterning cart>on 
nanotube films with adequate adhesion, to allow forma- 
tion of more useful and robust device structures. 



SliMMARY OF THE INVENTION 

[0006] The invention provides a method for fabricat- 
ing adherent, patterned carbon nanotube films. (Adher- 

5 ent indicates that the adhesion strength of the film 
exceeds scale 2A or 2B according to ASTM tape testing 
method D3359-97.) According to the invention, a sut>- 
strate is patterned with a carbkfe-forming material, a 
cart>on-<fissohang material, or a low melting point metal 

10 (i.e., about 700*C or less). Carbon nanotut)es are then 
deposited onto the patterned substrate, e.g., by spray- 
ing or suspensbn casting. The nanotubes have rela- 
tively poor adhesion to either the substrate material or 
the patterned material at this stage. The substrate is 

15 then annealed, typically in vacuum, at a temperature 
dependent on the partknjiar patterning material, e.g., a 
temperature at whch carbide formation occurs, at whch 
cartKm dtesolutk>n occurs, or at whch the low mettirig 
point metal melts. The annealing thereby provkles an 

20 adherent nanotube fifrn over the patterned areas, while 
the nanotubes deposited onto the non-patterned areas 
are easily removed, e.g., by btowing, rubbing: l>rushing, 
or ultrasoncation in a soNent such as methanol. This 
process provides an adherent nanotube film in a 

25 desired pattern. The patterned films are useful for a 
variety of devices, inducfing vacuum microelectronk: 
devices such as flat panel displays, as well as other 
structures, e.g., nanotube interconnects. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] 

Rgs. 1 A-1 D illustrate the process of the invention. 
35 Rg. 2 Is an optcal mcrograph of a patterned nano- 
tut>e film tabrcated according to the inventk>n. 
Rgs. 3A and 38 reflect Raman spectroscopy data 
indcating the pattemed nature of rmnotube films 
fabricated accordir>g to the invention. 

40 

DETAILED DESCRIPTION OF THE INVENTION 

[0008] The invention provides a process tor fabri- 
cating pattemed, adherent cartjon nanotube fitnris. One 

45 embodiment of the process is shown in Rgs. 1A-1D. 
Related cfiscussion of adherent nanotut>e films can k>e 
found in U.S. patent appTication serial no. 09/296,572 
(our reference Bower 1-1-37), the disclosure of whch is 
hereby incorporated by reference. 

5o [0009] A flat substrate 1 0 is first provided The sut>- 
strate 10 should be substantially non-reactive with car- 
bon, e.g., not carbide-formirig or cartx>r>-dissolvir>g, and 
should also have a relatively high melting point, typically 
at least 1000*C. Examples indude SiO^ (inducfing Si 

55 wafers having an oxidized surface layer), indium tin 
oxide (ITO), AI2O3, Cu, and PL 

[0010] As reflected in Rg. 1A, a material 12 is 
deposited onto the substrate 1 0 in a pattern desired for 
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the nanotube film. The patterning material 12 is 
selected from (a) cart>on-<fissohring materials, (b) car- 
bide-forming materials, and (c) low melting point (atx>ut 
70Cy*C or less) metals. Carbon-dissotving materials are 
known in the art, as reflected, for example in XB. Mas- 
salski. Binary Alloy Phase Diagrams. Vol. I, ASM Inter- 
national, and include elements such as Ni, Fe, Co, and 
Mn. Carbkie-forming elements are similarly known in 
the art, as reflected in Massalski, supra , and include 
elements such as Si, Mo, Ti, Ta, W, Nb, 2r, V, Cr, and Hf. 
Typical low melting point rr>etals include Al, Sn, Cd, Zn, 
and Bi. Ttie thk:kness of the patterning material 12 is 
typk^lly 1 0 to 1 00 nm. The patterning material is depos- 
ited by any surtable technk^ue, e.g., sputtering, evapora- 
tion. Of chemcal vapor depositkin. Conventional 
Ifthographc processes are generally used to provkie the 
desired pattern. 

[0011] Carbon nanotut)es 14 are then deposited 
onto the patterned substrate 10, as reflected in Rg. IB. 
(Only a few nanotubes are shown, for represerrtative 
purposes, in the drawing - in practice, nanotut>e cover- 
age wouki be much more dense.) The naru>tut>es are 
typk^lly deposfted by suspension casting or spray coat- 
ing. Suspensk>n casting is generally performed by plac- 
ing the substrate into a narK)tube susperision made up 
of nanotubes arul a solvent such as methanol, and 
allowing tfie solvent to evaporate. Spray coating is per- 
formed by spraying such a suspension onto ttie sub- 
strate (whk:h is typk^ally heated) u^ng an air gun, and 
allowing the soh^nt to evaporate. Both methods tend to 
provkle relatrvely uniform thin films o< randomly oriented 
nanotubes. 

[0012] As reflected in Rg. 1C, the substrate 10 is 
then annealed, generally in vacuum (10'® torr or less). 
The temperature of ttte anneal is selected based on the 
patterning material 12. Specifically, the temperature is 
chosen to promote cartx>n dissohrtion, carbkie forma- 
tion, or mettirig of the patterning material 1 2. The anneal 
is generally performed 30 minutes to 24 hours, depend- 
ing on the partknilar patterning material. By inducing 
cartx>n dissolution, cart>kle formation or melting at ttte 
areas where the nanotut>es 14 contact the patterning 
material 12, an area 16 of enhanced adherence 
t>etween the nanotubes 14 and patterning material 12 is 
created. Specifically, for cartwde-fonming material, a car- 
t>kie is formed tiy reaction of the material and at least a 
portion of the narKytubes. For caibor>-dissolving mate- 
rial, a metal-carbon soPid solutk>n is formed by reactk>n 
of the material and at least a portion of the nanotubes. 
And for low melting point metals, at least a portk>n of the 
nanotut>es t>ecome physk^Uy embedded in a molten 
metal layer and then held in place t^n coohrtg. 
[0013] As reflected in Rg. ID, the nanotubes 
deposited directly on the substrate 10 material are 
removed after annealing. Because the nanotubes have 
relatively poor adherence to the substrate 10 material, 
removal is relatively easy. Renrwval is capable of t>eing 
performed by blowing, rubbing, or brushing the surface 



of the sutjstrate 10, or by ultrasoncation in a solvent 
such as methanol. It is possible to combine these tech- 
niques. Typk^ally, the sufcxstrate is uttrasoncated without 
btowing, rubbing, or brushing. Ultrasonfcation, when 

5 performed without any other removal technk^ue, is gen- 
erally performed for 0.5 to 24 hours. 
[001 4] The thickness of the resultant acftierert, pat- 
temed nanotube film is generally 100 to 1000 nm. The 
adhesion strength of the resultant patterned nanotube 

10 films is sufffcient to exceed the 2A or 2B scale in the 
ASTM tape test D3359-97. 

[0015] The patterned nanotube films are useful in a 
variety of appHcatiorts, iru:luding vacuum microelec- 
tronic devk:es such as flat panel displays, as well as 
15 novel appftcations such as interconnects in silken- 
based devk^es. 

[0016] The inventk>n will be further clarified by the 
following examples, whk:h are interKled to be exem- 
plary. 

20 

Example 1 

[0017] A siKicon substrate wilt) an oxklized surface 
was provided. Al pads having an area of 100 x 70 

25 and a thfckness of 50 nm were patterned onto the sut>- 
strate surface by thermal evaporation, using a shadow 
mask. Single wall cart>on nanotubes were obtained. 
The nanotubes had been fabricated ty laser ablation 
with Imndte diameters of 10 to 30 nm and lengths of 2 to 

30 10 pm, and were then purified usng an ultrasoncally 
assisted filtration technkfue (see, e.g., K.B. Shelknov el 
al., 'Purification of Single Wall Nanotubes by Uttrasoni- 
cally Assisted RItration,* Chem. Phvs. Lett. Vol. 282, p. 
429 (1998)). The nanotubes were deposited onto the 

35 patterned suk>strate by spraying. The substrate was 
then vacuum annealed at 700*^:^ for 30 minutes (the 
melting point of Al is about 660^), and ultrasonk^ated in 
rr)ethanol for two hours. The resulting pattemed nano- 
tabe film is shown in Rg. 2, with coated pads 20, and 

40 uncoated substrate surface 22. 

Example 2 

[0018] A silkx>n substrate with an oxkfized surface 
45 was provkJed. Fe pads having an area of 70 x 70 ^um 
and a thckness of 20 nm were pattemed onto the sub- 
strate surface by sputtering, using a shadow mask. Sirv 
gle wan carbon nanotubes were obtained as in Example 
1 . Tlie nanotut>es were deposited onto the pattemed 
50 sutkstrate by spraying. The sut>strate was then vacuum 
annealed at e00**C for 30 minutes, and ultrasonk^ated in 
methanol for 2 hours. A portion of the resulting structure 
- coated Fe pad 30 and uncoated sut>strate surface 32 - 
is shown in Rg. 3A. 
55 [0019] To confirm that the nanotubes remained 
intact after the anr>ealing and uttrasoncatk>n, Raman 
spectroscopy was performed. The graphitk: carbon-car- 
bon vit)ration mode at about 1580 cm'^ is indicative of 
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the presence of the nanotube structure. As shown by 
the Raman spectroscopy resufts in Rg. 3B, the spectra 
taken over the Fe pad show nanotubes^ while the spec- 
tra off the pad indicates the absence of nanotubes. 
[0020] Other embodiments of the invention win be 
apparent to those skilled in the art from consideration of 
the specification and practice of the invention disclosed 
herein. 

C\a)ms 

1 . A process for fabricating a patterned, adherent car- 
tx>n nanotube film, comprising the steps of: 



7. A device comprising: 

a sut^slrate; 

a patterned material on the substrate; and 
5 an adherent carbon nanotube film located on 

the patterned material. 

8. The devk:e of daim 7. wherein the pattemed mate- 
rial is selected from the group consisting of cart)on- 

10 dissolving nrmterials, carbide-forming materials, 
and low melting point metals. 

9. The device of da^ 8, wherein the carborvdfesoh^- 
ing materials are selected from the group consisting 
of Ni, Fe, Co, and Mn, wherein the carbkte-forming 
elements are selected from the group consisting of 
Si. Mo, Tl, Ta, W, Nb, Zr, V, Cr, and Hf, and wherein 
the low melting point metals are selected from the 
group consisting of Al, 5n, Cd, Zn, and Bi. 

ia The device of dakn 7, wherein the narK)tut>es are 
single wall nanotubes. 



providing a sutistrate; is 
providing a pattemed material on the substrate, 
the material being selected from the group con- 
sisting of cart>on-dissolving materials, carbkie- 
forming materials, and low melting point met- 
als; 20 
depositing carbon nanotubes onrto the sub- 
strate; 

annealing the substrate to promote adherence 
of the nanotubes to the pattemed material; and 
removing at least a portk>n of the nanotubes 2S 
kx^ated on the non-pattemed area of the sul>- 
strate. 



2. The process of claim 1, wherein the substrate 
material is selected from the group consisting of 30 
SiOg, indium tin oxide, AI2O3, Cu, and R. 

3- The process of claim 1 . wherein the rerrK>ving step 
is perfonrr>ed by at least one technk)ue selected 
from the group consisting of k>kywlng, brushing, rub- as 
bing, and ultrasonica^ng. 



4. The process of daim 1 , wfterein the cartx>n-dissotv- 
ing materials are selected from the group conststir>g 

of Ni, Fe, Co, and Mn, wf>erein the cartnde-forming 40 
elements are selected from the group consisting of 
Si, Mo, Tl, Ta, W, Nb. Zr, V, Cr, and Hf, and wherein 
the k>w melting point metals are selected from the 
group consisting of Al, Sn, Cd, Zn, and Bi. 

45 

5. The process of daim 1, wf>erein the annealing is 
performed at a temperature suffident to attain an 
effect selected from the group cortsisting of reaction 
of at least portion of the nanotubes with the carbon- 
dissolving material, reaction of at least a portion of so 
the nanotubes with the carbide-forming material, 
and melting of at least a portion of the low melting 
point nrtetals. 



6, The process of claim 1, wherein the nanotubes are 55 
deposited on the substrate ty suspension casting 
or spraying. 
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